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CLOGs. We conjecture that co-occurrence CLOGs is indicative of functional relationships 30 between the respective genes. Going beyond the analysis of pair-wise co-occurrences, we 31 introduce a novel network approach to identify modules of co-occurring ortholog genes. Our 32 results demonstrate that these modules exhibit a high degree of functional coherence and 33 reveal known as well as previously unknown functional relationships. We argue that the high 34 functional coherence observed for the extracted modules is a consequence of the similar-yet-35 diverse nature of the cyanobacterial phylum. We provide a simple toolbox that facilitates further 36 analysis of our results with respect to specific cyanobacterial genes of interest. analysis of niche-specific differences (Simm et al. 2015) . Several computational approaches 63 and toolboxes for comparative genome analysis and the identification of ortholog genes have 64 been described in the literature (Fouts et al. 2012; Vallenet et al. 2013 ; Waterhouse et al. 2013 ; 65 Benedict et al. 2014 ; Galperin et al. 2015) . 66
67
In this work, we report a comparative analysis of 77 fully sequenced and assembled 68 cyanobacterial genomes. Beyond the analysis of the pan-and core-genome, we are particularly 69 interested in the co-occurrence of Clusters of Likely Ortholog Genes (CLOGs). Specifically, we 70 hypothesize that genes with related functions also co-occur within genomes. A well-known 71 example of such co-occurrences are operons, sets of genes that are under control of a single 72 promotor and act as a functional unit (Jacob et al. 1960 ). Operons play a significant role in the 73 parallel inheritance of physiologically coupled genes through horizontal gene transfer (Koonin et 74 al. 2001; Pål et al. 2005 ). More general, however, sets of genes that constitute a functional unit 75 must not necessarily be co-localized or be under the control of a single promotor. Nonetheless, 76 a functional dependency typically still requires co-occurrence within the same genome. While 77 pair-wise co-occurrences can be straightforwardly detected, the identification of larger functional 78 units, denoted as modules of co-occurring genes, involves the analysis of the community 79 structure of large networks --a computationally nontrivial task. In the following, we demonstrate 80 that an analysis of co-occurrences indeed provides hypotheses about functional relationships 81 between genes and augments established analysis based on co-localization and other criteria. 82
83
The paper is organized as follows. In the first two sections, we briefly recapitulate several key 84
properties of the cyanobacterial pan-and core genome. In the third section, we then identify co-85 occurring CLOGs within the cyanobacterial pan-genome. In the following section, we then go 86 beyond pair-wise analysis and introduce a weighted co-occurrence network that is used to 87 identify groups (modules) of co-occurring CLOGs. In the fifth section, we demonstrate that co-88 occurrence does not imply co-localization. The final sections are then devoted to analyze 89 selected examples of modules of co-occurring CLOGs. We demonstrate that these modules 90 indeed correspond to functional relationships and provide novel hypotheses for gene function. 91
To facilitate further analysis, the work is supplemented with the software toolbox "CyanoCLOG 92
SimilarityViewer" to allow for the exploration of co-occurrences beyond the selected examples 93 discussed here. 94
95

RESULTS
97
The cyanobacterial pan-genome revisited 98
Starting point of our analysis are 77 sequenced cyanobacteria sourced from the NCBI GenBank 99 database. To avoid bias due to incomplete genomes, only completely assembled 100 chromosomes, together with their associated plasmids were selected (132 plasmids total). For 101 later reference, the strain Escherichia coli O111:H (denoted as E. coli in the following) was 102 included within the analysis. 103
Orthology of all identified genes was determined based on an all-against-all BLASTp search as 104 described previously . Gene pairs with a high BLAST score and bidirectional 105 hit rate (BHR) were grouped together and subsequently clustered based on their mutual BLAST 106 score into cluster of likely orthologous genes, denoted as CLOGs. See METHODS for 107 computational details. Due to their unique properties, the cyanobacterium UCYN-A, an 108 endosymbiont with a highly reduced genome (Zehr et al. 2008) , and E. coli were not part of the 109 initial core-and pan-genome analysis. Their CLOGs were kept for later analysis. We distinguish 110 between core CLOGs, present in all remaining 76 strains, shared CLOGs, present in one or 111 more but not in all strains, and unique CLOGs, identified only in a single strain. Overall, we 112 identified a total of 58740 CLOGs consisting of 621 core CLOGs, 20005 shared CLOGs, and 113 38114 unique CLOGs. Strains with larger genomes tend to be associated with more shared 114
CLOGs. In contrast, the number of unique CLOGs associated with a single strain is dependent 115 also on the phylogenetic distance to its nearest neighbors --and is therefore biased by the 116 coverage of the cyanobacterial phylum, rather than being an intrinsic property of a strain. The 117 number of strains associated with each CLOG is shown in Figure 1A . 118
The overall properties of the pan-and core-genome are in good agreement with previous 119 studies, typically using a smaller number of strains (Beck et Table 2 . We note that, despite the correction for phylogenic proximity, large 240 modules typically reflect different subgroups of cyanobacteria. 
Modules of co-occurring CLOGs indicate functional relationships 313
To evaluate to what extent modules of co-occurrence provide novel hypotheses for functional 314 relationships between CLOGs, we exemplarily discuss 20 identified modules in the following. 315
The relationship between the selected modules and their constituent CLOGs are depicted in 316 here are more specific and typically relate to aspects of cyanobacterial functioning and growth, 500 such as nitrogen fixation or formation of gas vesicles -whereas co-occurrence using global 501 analysis primarily revealed examples related to co-occurrence of enzymes related to few basic 502 metabolic pathways (Kim and Price 2011 
Acquisition of Genomic Data 516
We searched the NCBI Genome database (http://www.ncbi.nlm.nih.gov/genome/) for 517 cyanobacterial entries and selected all fully sequenced and assembled strains. We further 518 included all associated plasmid sequences, as well as the recently annotated Escherichia coli 519 O111:H (denoted as E. coli in the following. In total 78 chromosomes and 136 plasmids were 520 sourced from the NCBI Genome database (January 17. 2015) as listed in Supplement Table 3 . 521
An overview of general information of all strains is provided in Supplement Table 4 . 522 A phylogenetic tree (Supplement Figure S1 ) was constructed by extracting the 16S ribosomal 523 RNA sequences of all genomes. Pair wise distances were calculated using the distance model 524 by Jukes and Cantor (Jukes and Cantor 1969 ) and the BLOSUM62 scoring matrix. The tree was 525 constructed with the "seqlinkage" function by MATLAB using the standard parameter. As 526 expected, the only non-photosynthetic organism Escherichia coli appeared as outgroup. 527
528
Cluster of Likely Orthologous Genes (CLOGs) 529
Identification of orthologous genes was done as previously described in . 530
Following an all-against-all BLAST comparison, the bidirectional hit rate between all gene pairs 531 a and b was computed as 532 533 where is the blastp score of a versus b and is the best score of b against any gene in 534 strain A (including a). BHR is one for all mutually best hits and lower otherwise. All gene pairs 535 with a BHR above 0.95 are grouped together. To avoid weakly connected groups, genes in 536 each group were clustered according to their mutual BLAST score using the UPGMA 537 (unweighted pair group method with arithmetic mean) and a cut-off of 20, Hereinafter these 538 clusters are referred to as CLOGs (Cluster of Likely Orthlogous Genes). Accordingly, genes in 539 one cluster are thought to be orthologous and a similar function is assumed. The method was 540 previously evaluated and compared against other available toolboxes and yields similar results 541 . 542 543
Similarity of CLOGs and modularization 544
The pair-wise co-occurrence of CLOGs was evaluated in a two-step process. For all 1. 
